The Arabidopsis var2 variegation mutant defines a nuclear gene for a chloroplast FtsH metalloprotease. Leaf variegation is expressed only in homozygous recessive plants. The cells in the green leaf sectors of this mutant contain morphologically normal chloroplasts, whereas cells in the white sectors contain abnormal plastids lacking organized lamellar structures. var2 mutants are hypersusceptible to photoinhibition, and VAR2 degrades unassembled polypeptides and is involved in the D1 repair cycle of photosystem II, likely by affecting turnover of the photodamaged D1 polypeptide. A second-site suppressor screen of var2 yielded a normalappearing, nonvariegated line. Map-based cloning revealed that the suppression of variegation in this line is due to a splice site mutation in ClpC2, a chloroplast Hsp100 chaperone, that results in sharply reduced ClpC2 protein accumulation. Isolation of clpC2 single mutants showed that clpC2 is epistatic to var2, and that a lack of ClpC2 does not markedly alter the composition of the thylakoid membrane. Suppression by clpC2 is not allele-specific. Our results suggest that clpC2 is a suppressor of thylakoid biogenesis and maintenance and that ClpC2 might act by accelerating photooxidative stress. Arabidopsis has two ClpC genes (ClpC1 and ClpC2), and mutants with down-regulated expression of both genes have a phenotype different from clpC2, suggesting that ClpC1 and ClpC2 act synergistically and͞or that they are only partially redundant. The isolation of a clpC2 mutant represents an important advance in the generation of tools to understand Hsp100 function and insight into the mechanisms of protein quality control in plants.
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P
rotein concentrations within all compartments of the eukaryotic cell are regulated by various mechanisms of protein quality control (1, 2) . Chaperones and ATP-dependent proteases are important components of these surveillance systems. In chloroplasts, protein quality control is mediated, in part, by three classes of ATP-dependent proteases that also have chaperone activities: Clp, Lon, and FtsH (3) (4) (5) . The regulatory (ATPase) and proteolytic domains are located on separate subunits in Clp, whereas in FtsH and Lon they reside on the same polypeptide. These three proteases are evolutionarily derived from the prokaryotic-like ancestors of chloroplasts. A major unanswered question is how the various proteases and chaperones interact to provide an integrated network of protein quality control in the plastid.
Photosynthetic organs of the Arabidopsis var2 variegation mutant have green sectors with cells that contain normalappearing chloroplasts and white sectors with cells that have abnormal plastids lacking organized lamellar structures (6, 7) . This mutant defines a nuclear recessive gene for a plastidlocalized FtsH homolog (designated AtFtsH2) (8, 9) . FtsH genes comprise small multigene families in plants, and the products of these genes are targeted to both plastids and mitochondria (10) (11) (12) . Arabidopsis contains 12 AtFtsH genes, including three pairs of closely related proteins that are targeted to the plastid and are functionally redundant, at least in part (11) . These functions are not well characterized but include degradation of unassembled Rieske FeS proteins in the thylakoid membrane (13) and involvement in the D1 repair cycle, during which photodamaged D1 proteins of photosystem II are replaced with new copies (4, 12, (14) (15) (16) . One of the fascinating questions about var2 concerns the mechanism underlying its peculiar, chaotic pattern of variegation: How do normally appearing green sectors arise in a uniform (mutant) genetic background?
To gain insight into FtsH function and the mechanisms of var2 variegation, we embarked on a mutagenesis screen to isolate second-site suppressors that modulate the variegation phenotype of var2. A number of mutants were isolated in which the pattern of variegation was much reduced. Here, we report on the map-based cloning of a suppressor that had a wild-type-looking phenotype and show that it defines the gene for ClpC2, a Hsp100 chaperone. Because reductions in ClpC2 suppress the requirement for FtsH in thylakoid membrane biogenesis, our data suggest that clpC2 is a negative regulator of this process. We present a model consistent with the hypothesis that ClpC2 accelerates the effects of photoinhibition caused by mutations in FtsH.
Methods
Plant Material and Map-Based Cloning. The Arabidopsis variegation mutants used in this study and procedures for their growth and maintenance have been described in refs. 7 and 17. For the suppressor analyses, var2-5 seeds were mutagenized with ethyl methanesulfonate and Ϸ50,000 M2 seeds were screened for nonparental phenotypes. One of the strains (termed ems2544) was selected for further study, and the suppressor gene in this strain was mapped by bulk-segregation analysis (18) by using a pool of Ϸ100 F2 seedlings from a cross of ems2544 with Landsberg erecta. The gene was mapped by using sets of codominant simple sequence-length polymorphism (SSLP) markers (19) , as well as cleaved amplified polymorphic sequence (CAPS), and derived CAPS markers that were designed by using the Cereon Genomics Indel or single-nucleotide polymorphism databases (20) . Molecular markers used for mapping are listed as supporting information, which is published on the PNAS web site. Other procedures for map-based cloning have been described in ref. 8. To generate sense or antisense ClpC2 constructs, a cDNA that contained the entire 2.8-kbp ClpC2 coding sequence was isolated by RT-PCR by using the primers AGCCTCTAGAATTGCAT-CATGGCT TGGTCG and ACCTCTAGAT TCCT TCTA-CAATATTGGAATAG (XbaI sites in italic). The sequences were then cloned in the forward and reverse orientations behind the cauliflower mosaic virus 35S promoter into the XbaI site of pBI121 to generate sense and antisense ClpC2 transgenes. Transgenic plants were obtained by Agrobacterium-mediated transformation by using the procedures described in ref. Intact chloroplasts were isolated by using a two-step Percoll gradient (40% and 80%), as described in ref. 21 . The band that appeared between the phases was collected, washed, and resuspended in a buffer containing 0.33 M sorbitol and 50 mM Hepes (pH 8.0); chlorophyll concentrations were measured on the resuspended plastids (22) . Western immunoblot analyses were conducted by using either total chloroplasts or membrane fractions, and the proteins were visualized by the enhanced chemiluminescence detection system (11) .
To generate polyclonal antibodies, nucleotide fragments corresponding to P711-L952, P196-G353, A51-S229, and G367-V507 of ClpC2, D1, PetC, and ATPA, respectively, were subcloned into the pET15b vector (Novagen), and the resulting constructs were expressed in Escherichia coli BL21 (DE3) (Novagen). All of the expressed peptides formed inclusion bodies, which were purified and solubilized and then injected into rabbits. After three injections, cleared sera were used as antibodies against each antigen. Specific ClpC1 and ClpC2 antisera were raised against synthetic peptides, GGSGTPTTSLEEQ and GTTGRVGGFAAEEAM, respectively (ProSci, Poway, CA). In some experiments a VAR2 polyclonal was used (8) . This antibody was raised against the C-terminal third (232 aa) of VAR2.
Results

Isolation and Map-Based Cloning of a var2 Second-Site Suppressor.
var2-5 is one of the weakest var2 alleles and has a missense mutation (P320L) in Walker ATP binding site B (8) . To identify second-site suppressors, var2-5 seeds were mutagenized with ethyl methanesulfonate, and 54 M2 progeny lines were identified that had modified variegation phenotypes. One plant with all-green leaves was selected for further analysis (designated ems2544) (Fig. 1) . Whereas the leaves in this line are not variegated, they are darker green than normal and aberrantly shaped.
To clone the suppressor gene in ems2544, a F2 mapping population was generated by crossing ems2544 with Landsberg erecta. Bulk-segregation analyses revealed that the suppressor phenotype cosegregated with SSLP marker ciw4 on the lower arm of chromosome 3 ( Fig. 2A) . To fine-map the gene, 1,868 F2 individual chromosomes were screened by using SSLP, CAPS, and derived CAPS markers, and the suppressor gene was found to reside within an Ϸ77-kbp region of chromosome 3 that contains 21 annotated ORFs (Fig. 2 A) . cDNAs from each ORF were amplified from total cell RNAs of ems2544 and var2-5 by using a series of overlapping, gene-specific primers to each ORF, and the RT-PCR products were sequenced. One ORF (annotated At3g48870) was found that had a PCR product with a G3A transition in the 3Ј-splice site of the eighth intron of the gene in ems2544 ( Fig. 2 B and C) . The predicted size of this ORF is 105 kDa (952 aa), and it contains 10 exons and a predicted chloroplast targeting sequence (Fig. 2B) . From the annotated Arabidopsis sequence, this ORF is the gene for ClpC2, a HSP100 chaperone. Hsp100 chaperones such as ClpC2 can act alone or as regulatory subunits of the Clp protease (3, 23, 24) . There are two nuclear ClpC genes in Arabidopsis (ClpC1 and ClpC2), both of which appear to code for plastid proteins. Like other ClpC proteins, ClpC2 is a class 1 Hsp100, with two distinct but conserved nucleotide-binding domains that contain classic Walker ATP-binding sites A and B (23, 25, 26) (Fig. 2B) .
To further define the nature of the lesion in clpC2, the RT-PCR experiments were repeated by using primers to exon 6 and exon 10. In contrast to the normally spliced mRNAs, which are found in the wild type and var2-5 (represented by the 640-bp PCR product) ( Fig. 2 C and D) , sequencing of RT-PCR products from ems2544 revealed that the splice site mutation generates three different mRNA species: one in which intron 8 is retained (represented by the 729-bp PCR product), one that lacks 9 bp (the 631-bp product), and one that lacks 13 bp (the 627-bp product) (Fig. 2 C and D) . The latter two mRNAs likely arise by means of the activation of cryptic splice sites in the immature clpC2 mRNA. Whereas the mRNA lacking 9 bp can, in principle, give rise to a full-length ClpC2 protein, the other two are predicted to contain premature stop codons that, if translated, would generate truncated proteins lacking the C-terminal nucleotide-binding domain.
Molecular Analysis of clpC2 Suppression. Perhaps the simplest hypothesis to explain the mechanism of suppression of variegation in ems2544 is a direct interaction between ClpC2 and VAR2, allowing the restoration of near-wild-type VAR2 activities in the double mutants. Experiments described later (see Fig. 4 ) make this a remote possibility because clpC2 is able to suppress the variegation of null var2 alleles. An alternate hypothesis is that clpC2 exerts its effect in a more indirect manner, perhaps by modifying VAR2 expression or activity. Fig. 3 A and B show that VAR2 mRNA and protein abundances are similar in var2-5 and the double mutants (ems2544), indicating that clpC2 does not impact var2 expression. We have also been unable to detect differences in VAR2 activity in the ems2544 versus var2-5 strains, as monitored by degradation of the 23-kDa cleavage product of the D1 protein after exposure of thylakoids to photoinhibitory illumination conditions (16) (data not shown). This finding suggests that clpC2 does not normalize the activity of the mutant VAR2 protein, at least during the D1 repair cycle. In sum, we conclude that clpC2 does not likely suppress var2-5 variegation by altering VAR2 expression or activity.
The derived amino acid sequences of Arabidopsis ClpC1 and ClpC2 are very similar (Ϸ82% identity). By using gene-specific probes and antibodies, we found that ClpC2 mRNA and protein levels are markedly reduced in the ems2544 versus var2-5 and wild-type strains (Fig. 3 A and C) . It is likely that the ClpC2 proteins arise from the ClpC2 mRNAs that lack 9 bp but in which the reading frame is preserved (Fig. 2C) . In contrast to ClpC2, ClpC1 expression is unchanged in the ems2544 plants, which appears to be the case for other photosynthetic proteins as well, inasmuch as the mRNA and protein expression profiles of representative components of the photosynthetic apparatus (plastocyanin, the light harvesting chlorophyll a͞b-binding protein of photosystem I, the ␣-subunit of the ATP synthase, the Rieske FeS protein of the cytochrome b6͞f complex, and D1) are similar in the double-mutant, var2-5, and wild-type plants (Fig. 6) . The proposal that the composition of the photosynthetic apparatus is not markedly altered by a depletion of ClpC2 has been confirmed by ultrastructural studies showing that the double-mutant plants have wild-type-appearing chloroplasts and by two-dimensional green gel analyses showing that the protein complement of the mutant thylakoid membranes is normal (data not shown).
Genetic Interactions Between clpC2 and var2. With respect to wild-type plants, var2-5 plants have accelerated germination and growth rates, and they flower earlier than normal. The ems2544 strain, on the other hand, grows and flowers somewhat more slowly than normal. To examine the phenotype of clpC2 (single mutant) plants, the clpC2 allele was segregated from var2-5 by backcrossing ems2544 with the wild type (Columbia). A clpC2 line was identified in the F2 progeny by using derived CAPS markers (supporting information) to assess the presence or absence of the clpC2 and var2-5 alleles (Fig. 4) . These experi- The proteins were transferred to nitrocellulose membranes, and the filters were incubated with antibodies generated to VAR2 (B) or to peptides specific for ClpC1 and ClpC2 (C). Fig. 4 . Phenotypes of clpC2 single-and double-mutant lines and of overexpression and antisense ClpC2 lines. The clpC2 single mutant was from the F2 of a cross between ems2544 and wild type; it was genotyped by PCR by using derived CAPs markers (supporting information), and the genotype was confirmed by sequencing. Two var2 alleles (var2-1 and var2-4) were crossed with clpC2, and double-mutant progeny (i.e., var2͞clpC2) were identified in the F2 by genotyping, as described above for the clpC2 line. Also shown are the antisense ClpC2 transformant in a var2-5 background (var2-5::anti-ClpC2) and a sense ClpC2 transformant in the ems2544 background (ems2544::sense-ClpC2). All of the plants were grown under continuous light (100 microeinsteins per m 2 ⅐sec Ϫ1 ) for 12 days. ments showed that clpc2 is recessive and that the phenotypes of the clpC2 and double-mutant ems2544 plants are the same: These plants are not variegated; they are a darker green than is normal; and they have somewhat lower than normal germination and growth rates. These results indicate that the mutant phenotypes associated with ems2544 are due to a lack of ClpC2 activity, i.e., that clpC2 is epistatic to var2-5.
The Impact of clpC2 Is Not Allele-Specific. To test whether the clpC2-mediated suppression of variegation is specific to the var2-5 allele, the clpC2 line was crossed with other var2 alleles, including var2-1, which contains a nonsense mutation (Q597*), and var2-4, which has a splicing defect (8, 11) . Both of these alleles have more severe variegation phenotypes than var2-5. As illustrated in Fig. 4 , variegation is suppressed in both of the double mutants, i.e., var2-1͞clpC2 and var2-4͞clpC2. Growth is also restored to nearnormal in the double-mutant strains. Because var2-1 is likely a null allele (11) , these data support the earlier hypothesis that suppression of variegation by clpC2 does not occur by means of direct interaction of the VAR2 and ClpC2 proteins Manipulation of ClpC2 Protein Levels. Titration of ClpC2 in a var2-5 background. To verify that defects in ClpC2 rescue the variegation phenotype of var2-5, a series of transgenic var2-5 plants were generated with variable amounts of the ClpC2 protein (Fig. 5A ). All these plants have similar VAR2 protein levels (Ϸ5% of wild type) (Fig. 5B) . As discussed earlier (Fig. 3) , ClpC2 amounts are sharply reduced in ems2544 (for simplicity, designated vvcc in Fig. 5 ), but wild-type levels are present in var2-5 (designated vvCC in Fig. 5 ). Fig. 5B shows that ClpC2 levels are also normal in plants heterozygous for ClpC2 (designated vvCc in Fig. 5 ), whereas overexpression of ClpC2 in var2-5 by using the cauliflower mosaic virus 35S promoter (vvCC::35S-ClpC2) yields plants with higher than normal ClpC2 protein amounts (Fig. 5B) . Fig. 5A shows that there is a notable increase in leaf variegation as ClpC2 levels are increased. However, it is difficult to quantify this increase, given that standard deviations of chlorophyll contents tend to be quite high (Fig. 5C ) because leaves on a rosette do not display uniform levels of variegation. Fig. 5A further reveals that increases in ClpC2 levels are accompanied by a striking enhancement in plant size. In sum, the data in Fig.  5 are consistent with the proposal that suppression of variegation in ems2544 is due to a mutation in ClpC2 that results in decreased ClpC2 protein accumulation. Further support for this conclusion comes from the observation that overexpression of ClpC2 in the ems2544 strain complements the suppression of variegation in this strain, i.e., the suppressed, nonvariegated plants, which lack ClpC2, become variegated when ClpC2 is added back (Fig. 4) . Antisense suppression of ClpC2 in var2-5. Based on the data in Fig. 5 , it can be predicted that down-regulation of ClpC2 abundance by expression of ClpC2 antisense RNAs (in a var2-5 background) would give rise to plants (var2-5::anti-ClpC2) that are less variegated than var2-5. In accord with expectations, antisense plants generated to the entire ClpC2 sequence are not variegated (Fig. 4) and they have significantly less ClpC2 protein than var2-5 (Fig. 3C ). Yet, in contrast to the suppressed plants in Fig. 5 , the young leaves of the antisense plants are initially pale green to yellow, and it is only as development proceeds that the expanding leaves turn green (''yellow-heart'' phenotype).
The yellow-heart phenotype appears to be due to an inhibition of expression of ClpC1 and ClpC2 because both genes have highly similar nucleic acid sequences (Ϸ80%). ClpC1 and ClpC2 transcripts are decreased in amount in the antisense versus var2-5 plants (data not shown), as are ClpC1 and ClpC2 protein levels (Fig. 3C ). Yet the amounts of mRNAs from representative photosynthetic proteins do not appear to be affected in the antisense plants (Fig. 6A) . The fact that the antisense plants have a novel phenotype suggests that ClpC1 and ClpC2 act synergistically or that they might be functionally redundant, but only in part. In this context, it might be relevant that the yellow-heart phenotype is reminiscent of mutants blocked in the import of nuclear-encoded proteins into the chloroplast, e.g., ppi1, chaos, or ffc1 (27) (28) (29) (30) . Because ClpC-type Hsp100 chaperones are associated with the chloroplast import apparatus (31), we speculate that ClpC1 might be involved in import, whereas ClpC2 is not. Alternatively, a threshold of ClpC1 plus ClpC2 might be required for import competence; below this threshold, import is inhibited, generating yellow plastids.
Discussion
ClpC2 Function.The primary function of Hsp100 chaperones, such as ClpC, is to promote the disassembly of aggregated proteins and higher-order protein complexes (23) . When complexed with Clp proteolytic subunits, such as ClpP, they unfold substrates and feed them into the catalytic chamber (32) . Little is known about the precise physiological roles of ClpC in plants or green algae, although these proteins might play a role in import (31) . The same lack of understanding is true for the Clp protease, which is thought to be a housekeeping enyme (4, 13, 33) , although expression studies have recently suggested a role in acclimatory responses to various stress conditions (26) .
One reason for the dearth of information about the function of ClpC chaperones and Clp proteases is that relatively few Clp mutants have been characterized in photosynthetic eukaryotes. Interestingly, all of these mutants have lesions in the chloroplast DNA-encoded ClpP (proteolytic) subunit of the Clp protease. Analyses of these mutants have revealed that ClpP is necessary for proper chloroplast biogenesis and shoot development (34) (35) (36) and for growth and the proteolytic disposal of cytochrome b 6 ͞f in the thylakoid membranes of Chlamydomonas (37, 38) . Further support for the necessity of ClpP is found in the observation that ClpP is retained and expressed in the degenerated plastid genome of Epifagus (39) . However, ClpP might not be necessary in all cell types, e.g., it is not present in nonphotosynthetic maize cell lines (40) . Our isolation of a clpC2 mutant thus represents an important advance in the generation of tools to understand the function of Hsp100 chaperones and of the Clp protease in plants. In this paper we found that one function of clpC2 is to suppress the requirement for VAR2 in thylakoid membrane biogenesis.
Model of clpC2 Suppression of Defective Chloroplasts. In this study we found that clpC2 is epistatic to var2 and that ClpC2 and VAR2 do not likely interact directly, because suppression of variegation is observed in null alleles of var2. We also found that ClpC2 affects growth in a complex manner (promoting growth of var2-5 and retarding growth of var2-1 and var2-4), perhaps as a secondary consequence of altered thylakoid function. Regardless of the cause, our data are consistent with a working model (Fig. 7) in which ClpC2 acts antagonistically to VAR2, which is involved in photosystem II repair during photoinhibition, likely by degrading the photodamaged D1 protein. We therefore suggest that ClpC2 normally acts to enhance photoinhibition, either directly or indirectly.
Consistent with this interpretation, we hypothesize that the chaotic pattern of variegation in var2 plants arises from intrinsic differences in rates of the various reactions, substrate concentrations, and external factors (e.g., light) involved in light capture and use versus the ability of a given plastid to avoid photoinhibition and photodamage. With VAR2 above a threshold, a functional chloroplast would form and turn green; below the threshold, photooxidation would occur and the plastid would turn white. It can further be hypothesized that variegation in var2 is the consequence of the sorting-out of green and white plastid types early in leaf development, when chloroplasts develop from undifferentiated proplastids in the mersistem, then undergo multiple, rapid divisions. This sorting-out process would lead to the generation of mature leaves with green and white sectors containing clones of cells with all-white or all-green plastids.
According to our working hypothesis, the contribution of ClpC2 to photoinhibition would not be detectable as photodamage in the wild type because endogenous repair͞scavenging activities would be sufficient to afford photoprotection. The normal-appearing phenotype of the clpC2 mutant would also be consistent with a lack of the photodamage-promoting activities of ClpC2. Finally, our model predicts that without ClpC2, more plastids would be below the threshold for photooxidation in var2͞clpC2 double mutants versus var2 single mutants. If so, the double mutants should be less variegated than the single mutants, which was observed.
We do not know how ClpC2 acts to enhance photodamage, but a number of mechanisms can be envisaged. For instance, ClpC2 could disassemble a thylakoid electron transport complex during the normal maintenance of the photosynthetic apparatus, which might result in enhanced electron pressure upstream in the chain, generating oxygen radicals and photooxidative stress. Alternatively, ClpC2 could act to alter redox poise and the production of oxygen radicals by affecting photosystem stoichiometry, reminiscent of the pmgA mutant of Synechocyctis (41) . ClpC2 might exert its effects by acting alone as a chaperone or in concert with ClpP thereby facilitating proteolysis. Although our model is specific for chloroplasts, an expanded role of ClpC2 in other plastid types cannot be ruled out, e.g., as a factor that regulates the assembly of other multimeric complexes in this organelle. Although we do not know the precise mechanism, our working model provides testable hypotheses and an entrance into the poorly understood networks of protein quality control in plastids.
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